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[Abstract] The bulk transport of molecules through plant tissues underpins growth and development. 
The stem acts as a conduit between the upper and low domains of the plant, facilitating transport of 
solutes and water from the roots to the shoot system, and sugar plus other elaborated metabolites 
towards the non-photosynthetic organs. In order to perform this function efficiently, the stem needs to 
be optimized for transport. This is achieved through the formation of vasculature that connects the whole 
plant but also through connectivity signatures that reduce path length distributions outside the vascular 
system. This protocol was devised to characterize how cell connectivity affects the bulk flow of 
molecules traversing the stem. This is achieved by exposing young seedlings to fluorescein, for which 
no specific transporter is assumed to be present in A. thaliana, and assessing the relative concentration 
of this fluorescent compound in individual cells of the embryonic stem (hypocotyl) using confocal 
microscopy and quantitative 3D image analysis after a given exposure time.   
Keywords: Connectomics, Tissue architecture, Cellular networks, Bulk flow characterization 
 
[Background] The link between structure and function has always fascinated biologists, from the design 
spaces of organs (Eldredge, 1989) to the convergence or divergence of evolutionary paths (Morris, 
2003). At a smaller scale, cells are also organized in a robust and tightly controlled manner, intimately 
related to the functions the tissue performs (Jackson et al., 2017a). The collection of cellular physical 
interactions that makes up a specific tissue can also be regarded as a network, a cellular connectome. 
This connectome is especially interesting in plants as shared cell walls impede cellular movement, thus 
the network dynamics depend only on cell death and replication.  
  We hypothesize that tissue architecture and thus cell connectomes are relevant to physiological 
features and organ function. This way, network metrics and quantitative networks analysis can be used 
to make predictions and gain understanding of biological systems (Duran-Nebreda and Bassel, 2017; 
Jackson et al., 2017b).  
  In the current example (Jackson et al., 2017a), we investigated the topological properties of different 
cell types in the embryonic stem by digitally capturing global cellular interactions using confocal 
microscopy, revealing systematic arrangements of reduced path length in the atrichoblast (non-hair 
forming) cell files. To address a possible functional link between the preferential movement of small 
molecules and this path length distribution, we developed a fluorescein transport assay. This involves 
exposing the embryos to fluorescein in a non-saturating manner and quantifying cell-type specific 
fluorescence following cell segmentation. Similar assays using fluorescein either with specific (Konishi 
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et al., 2002; De Bruyn et al., 2011) or non-specific interactions (Wang and Fisher, 1994; Tichauer et al., 
2015) exist, some using caged variants that allow for more control in activation and release (Kobayashi 
et al., 2007; Christensen et al., 2009). However, these did not provide a connection to global cellular 
connectivity and thus producing a general quantitative framework for structure-function relationships in 
tissue architecture and bulk transport processes. 
 
Materials and Reagents 
 
1. 94 x 16 mm sterile Petri dishes (Greiner Bio One International, catalog number: 633181) 
2. Barky Ultipette capillary tips (Barky Instruments International, catalog number: CP-100) 
3. Aluminum foil or opaque container 
4. Cellview cell culture dish, 35 x 10 mm glass bottom (Greiner Bio One International, catalog 
number: 627861) 
5. 1.5 ml Eppendorf tube 
6. Arabidopsis thaliana seeds 
7. Sterile distilled water (type I water pH 7.0) 
8. Bleach (Domestos) 
9. Ethanol  
10. Propidium iodide solution (Sigma-Aldrich, catalog number: P4864-10ML) 
11. Murashige and Skoog basal salt mixture with vitamins (Duchefa Biochemie, catalog number: 
M0222) 
12. Agar-agar granular powder (Fisher Scientific, catalog number: A/1080/53) 
13. Fluorescein (Alfa Aesar, catalog number: L13251) 
14. Potassium hydroxide (Fisher Scientific, catalog number: P/5640/53) 
15. ½ Murashige and Skoog medium (see Recipes) 
16. Fluorescein plates (see Recipes) 
 
Equipment 
 
1. Tissue culture hood (Azbil Telstar, model: AH-100) 
2. 20 μl pipette (Gilson, model: PIPETMAN P20L) 
3. Small forceps (IDEAL-TEK, model: 4.SA.0) 
4. Inverted confocal microscope (ZEISS, model: LSM 710) 
5. Dissection microscope (Leica Microsystems stereo microscope, Leica Microsystems, model: 
Leica S6 E) 
6. 1,000 μl pipette (Gilson, model: PIPETMAN P1000L) 
7. Heated bath or microwave 
8. Water purification system (ELGA LabWater, model: Option-R 7) 
9. 500 ml Pyrex bottles (DWK Life Sciences, DURAN, catalog number: 21 801 44) 
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10. Autoclave (Dixons, catalog number: ST 2228) 
11. pH-meter (Hanna Instruments, model: pH 210) 
12. Growth cabinet or room (16 h light photoperiod with light intensity at 150-175 mmol m2 sec-1 at 
23 °C and 8 h dark at 18 °C) 
 
Software 
 
1. ImageJ (Schindelin et al., 2012) with the Bio-formats plug-in 
2. MorphoGraphX (Barbier de Reuille et al., 2015) 
Note: Uses the CUDA toolkit, software developers recommend NVidia graphics card and 
enough memory to handle the stacks being processed. 
 
Procedure 
 
A. Germinating the seeds 
1. Prepare in advance ½ MS Petri dishes as described in the ‘Recipes’ section. 
2. Prepare a fresh 1/10 dilution of the commercial bleach with distilled water to sterilize the seeds. 
3. Place 60-100 seeds of each ecotype or species in a separate 1.5 ml Eppendorf tube and add 
500 μl of the bleach solution to each tube. 
4. Incubate at RT for 5 min, mix by inverting the tube every minute. 
5. Move to the tissue culture hood.  
6. Sterilize the flexible pipette tips with ethanol. 
7. Pipette out the bleach and wash the seeds three times with 500 μl of sterile distilled water. 
8. Pick a string (10-30) of sterile seeds with a P20 pipette and the flexible pipette tips and put the 
seeds one by one and approximately 5 mm apart in a ½ MS plate. 
9. Cover the Petri dishes with aluminum foil or an opaque container and take them to the growth 
room or cabinet at 23 °C. 
10. Incubate in complete darkness for 4 days. 
Note: This causes the seedlings to be elongated and to contain very little chlorophyll, which 
reduces autofluorescence of the sample during imaging, yielding better signal. 
 
B. Fluorescein incubation treatment 
1. Prepare on the same day a batch of fluorescein-agar plates as described in the ‘Recipes’ 
section. 
2. Move the seedlings from the ½ MS plates to the fluorescein 0.8% agar Petri dishes using the 
small tweezers. Do not squeeze the seedlings as their walls are very thin at this point, lift them 
instead by putting the tweezer prongs under the cotyledons with minimal pressure. Place their 
root onto the agar surface such that the seedling does not fall onto its side. Use the dissection 
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microscope to ease handling of the seedlings. Roots can be gently manipulated into the agar to 
ensure the seedling remains upright. 
3. Incubate the seedlings in the growth room for 2.5 h under the light source to maximize 
fluorescein uptake. 
 
C. Propidium iodide staining 
1. Create a 5 μg/ml propidium iodide solution in water and place it in as many 1.5 ml Eppendorf 
tubes as needed. 
2. Transfer the seedlings into these Eppendorf tubes (10-20 in each) using the same technique as 
before to avoid damaging them. 
3. Incubate for 15 min at RT, mix by gently inverting the tube. 
4. Move the seedlings from the Eppendorf tubes to imaging dishes (Cellview cell culture dishes) 
using a P1000 and a cut pipette tip. The dishes should contain as many non-overlapping 
samples as possible, usually between 3 and 5. The dissection microscope can be used at this 
stage to detect and remove damaged samples (cracks in the epidermis, snapped roots or 
squeezed sections). 
5. Wash once with 300 μl of sterile distilled water and remove as much water as possible by 
pippeting, in such a way that the seedlings still have a layer of liquid around them. When 
imaging, add sterile distilled water as needed if the samples dry out. 
 
D. Imaging 
The following list contains a typical list of settings to image these samples: 
1. 25x oil immersion objective. 
2. Zoom 1 (this can be changed to better suit the size of the ROI, although systematic warps to 
the images appear < 0.7 zoom). 
3. Frame size: 2,048 x 2,048. This can be adjusted to the proportions of the ROI. 
4. Bit depth: 16 bits. 
5. Pinhole slice thickness: 1.9 μm (0.47 AU). 
6. Slice interval (z direction): 0.7 μm. 
7. Scan speed: 9. 
8. Averaging: 4-8. 
9. Fluorescein excitation: 488 nm.  
10. Propidium iodide excitation: 535 nm. 
 
Data analysis 
 
The data obtained with this protocol should be processed using the same protocol described 
previously in Montenegro-Johnson et al. (2015) and Jackson et al. (2017a and 2017b). Namely, the 
propidium iodide channel is used to perform 3D segmentation of the cell boundaries as it stains cell 
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walls, while the fluorescein signal within each cell is used to characterize bulk flow for each cell type 
in the hypocotyl. See Figure 1 for a typical example of the obtained confocal stacks before 
processing. The steps are as follows: 
1. Load the confocal stacks into Fiji using the Bio-formats plugin and export each channel to a 
TIFF image format stack. 
2. Load each TIFF stack onto MorphoGraphX. 
3. Apply a Gaussian blur (typically 0.3 μm smooth length in each direction) to the propidium iodide 
channel. 
4. Use the ITK watershed segmentation on the smoothed propidium iodide stack to find the cell 
boundaries. The threshold used varies depending on the staining and image acquisition 
settings. 
5. Edit the stacks by fusing oversegmeneted cells as needed. 
6. Create a mesh for the cells with ‘cube size: 2’ and no smooth passes as settings. 
7. Calculate fluorescein concentration using the heat map function with ‘volume’ and ‘internal 
signal’ settings. 
The three ecotypes used in the original study presented different average fluorescent readings, 
possibly due to innate differences in permeability and/or bulk uptake rates. Some ecotypes also 
displayed far greater variability than others. For this reason, in order to be pooled together all 
samples need to be normalized by within-sample mean fluorescence. Then to be comparable 
between ecotypes all pooled data has to be normalized by ecotype-wide mean corrected 
fluorescence.  
 
 
Figure 1. Typical results of imaging Arabidopsis hypocotyls after fluorescein exposure 
and propidium iodide staining. A. Single confocal stack of an Arabidopsis root, with root hairs 
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visible. Two channels are shown, in grey scale propidium iodide, which stains cell walls, and in 
green fluorescein moving inside the living cells. B. 3D reconstruction of a hypocotyl from dozens 
of confocal stacks in MorphoGraphX. Transparency is used to show fluorescein signal 
accumulated inside the first layer of cells. C. A Transversal clip from the 3D reconstruction 
reveals a pattern of fluorescein concentration correlating with cell type spatial arrangements. 
This allows us to address which cells are involved in greater bulk flow through the epidermis. 
 
Recipes 
 
1. ½ Murashige and Skoog medium (Murashige and Skoog, 1962) 
2.3 g/L of Murashige and Skoog salt mixture with vitamins 
0.8 g/L of agar-agar granulated powder 
Add 80% of the final volume of filter-purified water (type I water, > 18.2 MΩ-cm) 
Adjust pH with a 1 M KOH solution to 6.2 
Top to selected final volume with filter-purified water (type I water, > 18.2 MΩ-cm) 
Autoclave and pour into sterile Petri dishes (20 ml/dish) inside a tissue culture hood. Store 
poured Petri dishes at 4 °C before use (1 month shelf life) 
2. Fluorescein plates 
a. Prepare in advance a 0.8 g/L agar-agar granulated powder mixture (follow the previous 
recipe but without adding the Murashige and Skoog salt mixture) and store at RT 
b. Prepare a 50 mM fluorescein solution (1,000x stock in 1:1 ethanol:sterile distilled water) and 
store it avoiding direct light sources (2 months shelf life) 
c. Melt the agar gel with a heated bath, steamer or by microwaving the gel thoroughly 
d. Wait until the solution cools off, reaching 50-60 °C 
e. Add the 1,000x fluorescein stock solution and pour the mix into Petri dishes (15 ml/dish). 
This need not be sterile and can be poured outside a tissue culture hood 
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